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Abstract:  
The helium gas permeability of polytetrafluoroethylene (PTFE)/graphene 
nanocomposites was studied as a function of surface treatment and filler loading of the 
graphene nanoplatelets. Graphene was incorporated into PTFE up to 7 vol% via a 
solvent-assisted blending method and the composites sintered. The surface 
modification of the graphene occurred by oxyfluorination in perfluoroheptane solvent.  
The surface characteristics of the graphene nanoplatelets were assessed by X-ray 
photoelectron, Raman and infrared spectroscopy techniques and discussed. The 
incorporation of the oxyfluorinated and commercial grade graphene into the PTFE 
reduced the helium gas permeability by 96% at 4 vol% and by 88% at 7 vol% nanofiller 
contents, respectively. Oxyfluorination of graphene resulted in better dispersion of the 
graphene nanoplatelets compared to the unmodified ones. This was evidenced by 
scanning electron microscopy and X-ray tomographic inspection. The helium gas 
permeability of the PTFE nanocomposites was modelled by applying certain tortuosity 
models. The Bharadwaj model proved to be the most appropriate to describe the 
measured barrier properties. The modified Bharadwaj model suggested that the actual 
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aspect ratio of the oxyfluorinated graphene was higher than that of the unmodified 
graphene nanoplatelets in the PTFE matrix. Accordingly, oxyfluorination proved to be a 
useful method to support the graphene intercalation with PTFE molecules.   
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1 Introduction 
Fluoropolymers are used extensively in the oil and gas industries due to their 
exceptional properties like chemical inertness and thermal stability over a wide range 
of temperatures.  Fluoroelastomers are generally applied as seals or gasket material for 
high gas pressure applications. However, these fluoroelastomeric seals are susceptible 
to rapid gas decompression (RGD) [1]. This phenomenon is caused by the diffusion of a 
gas into the polymer whilst under pressure and when the pressure is released the 
pressure differential in the polymer causes mechanical or explosive damage of the 
polymer matrix [2,3]. Polytetrafluoroethylene (PTFE) is often used as a substitute when 
an elastomer is unsuitable for a specific pressure or chemical application due to its 
lacking mechanical strength and chemical inertness.  However, PTFE is known to be 
vulnerable to gas permeation more than the elastomeric seals due to the processing 
methods used to fabricate finished articles.  
PTFE exhibits a high molecular weight and crystallinity and therefore exhibits a high 
melt viscosity close or above the melting temperature [4]. Hence, PTFE is normally 
processed using sintering methods applied in powder metallurgy and not with 
conventional polymer processing methods like extrusion and injection moulding. Unlike 
melt processing, this sintering process produces micro-voids in the PTFE polymer 
matrix which leads to an increase in gas permeation [5]. Gases like helium and hydrogen 
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permeate easily through PTFE which make it difficult to leak test PTFE gasket seals [6]. 
Hence, the gas permeation properties of PTFE and its copolymers is not as 
comprehensively studied compared to its well-known thermal and mechanical 
properties [7].  Gas permeation studies utilising helium as a tracer gas has been 
effective to measure the gas barrier properties of polymer and composite membranes 
[8–11]. Furthermore, there exists a good correlation between helium permeation and 
the permeation of some other gases like hydrogen, oxygen, and carbon dioxide through 
polymer membranes [12]. Therefore, helium may serve as a good modelling gas to 
describe the gas barrier properties of polymer seals used in various industries. 
The incorporation of platelet shaped fillers to reduce the helium gas permeation in 
polymers has received significant attention in the past few years [9,13–16]. Graphene 
nanoplatelets show enormous potential to prepare polymer nanocomposites with 
enhanced gas barrier properties due to its high aspect ratio[17–20]  and impermeability 
to gases like helium [21–24]. If dispersed homogeneously in a polymer matrix, then the 
graphene nanoplatelets form a tortuous path that restricts the migration of gaseous 
molecules through the polymer matrix [25,26]. However, the dispersion of nanofillers 
like graphene into PTFE is difficult [27]. Researchers have recently shown how to 
improve the dispersion of graphene in PTFE through electrostatic self-assembly [27] 
and by using perfluorinated solvents [28].  Also, good chemical compatibility between 
the filler and the polymer matrix normally reduces the gas permeability even further 
[29]. However, the compatibility of graphene with most polymer matrices is known to 
be poor [17,30]. The chemical inertness of the PTFE polymer matrix further inhibits 
interaction between the polymer chains and the filler. 
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Surface modification of graphene has shown to be an effective method to improve the 
polymer/filler compatibility which in turn also improves the gas barrier properties of 
graphene filled polymer composites [30–32]. This strategy of surface modification of 
graphene has also been followed by others to improve the tribological performance of 
PTFE nanocomposites [33–35]. The hypothesized explanation for the favoured 
formation of a tribofilm of PTFE on the steel counter surface was due to the complex 
formation via participation of carbonyl/carboxylic groups which evolved from 
tribochemical processes in PTFE [33,35]. This has also been observed with graphene 
filled PTFE composites which indicated that the carboxylic groups on the PTFE surface 
have improved interaction with the graphene nanoplatelets, which was associated with 
a prominent decrease of the coefficient of friction [36]. The surface fluorination or 
oxyfluorination of graphene might be a suitable alternative method to improve the 
compatibility with the PTFE polymer matrix. Oxyfluorination of graphene oxide (GO) 
has shown to improve the dispersion of GO in polyvinyl alcohol (PVA) [37]. However, 
the preparation of polymer nanocomposites containing oxyfluorinated graphene 
(OFGR) appears to be limited.  
Therefore, this study was aimed at preparing PFTE/graphene nanocomposites whilst 
modifying the surface characteristics of the graphene nanoplatelets and confirming how 
this modification affected the helium gas permeability of the related nanocomposites. 
For the surface modification of graphene, a facile method via oxyfluorination in a 
perfluorinated solvent was selected. A further aim of this study was to apply different 
tortuosity-based permeation models to describe the experimental results in order to 
obtain further insights into the dispersion and orientation of the graphene platelets.  
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2 Experimental 
2.1 Materials 
2.1.1 PTFE moulding powder 
The PTFE moulding powder (TFM 1700, 3M Dyneon, Germany) used in this study is a 
free flowing grade with a specific density of 2.16 g.cm-3 and an average particle size of 
25 µm. This grade of PTFE is a modified PTFE which contains perfluoro (alkyl vinyl 
ether) groups through copolymerisation. The amount of the perfluoro (alkyl vinyl ether) 
groups in this PTFE copolymer is less than 2 wt% which was expected to improve the 
interaction between the graphene and the PTFE surface due to the presence of oxygen 
groups.     
2.1.2 Graphene nano-fillers 
The graphene nanoplatelets (M-25, further denoted to as XGnP) used in this study were 
sourced from XG Sciences (USA) which exhibited a specific density of 2.2 g.cm-3, an 
average particle size of 25 µm, and an oxygen content of less than 1% according to the 
supplied specification sheet. The oxyfluorinated graphene nanoplatelets (OFGR) were 
prepared in a liquid phase reaction with fluorine gas (Pelchem, South Africa) where the 
as-received graphene nanoplatelets (XGnP) were dispersed in perfluoroheptane (PFH) 
(Pelchem, South Africa). 
2.1.2.1 Surface modification of graphene nanoplatelets through oxyfluorination 
To modify the surface of the as received graphene nanoplatelets a direct oxyfluorination 
approach was used. To prepare a batch, the as received graphene nanoplatelets (2 g) 
were dispersed in 100 cm3 of PFH using sonication for 5 min. After sonication, the 
dispersion of graphene nanoplatelets/PFH was transferred to a 120 cm3 reactor 
6 
 
(contains a water jacket for cooling) where the contents were stirred with a cross 
magnetic bar and heated to 40 °C with a heating unit (Julabo GmbH, Germany).  
Atmospheric air was kept in the reactor at 98 kPa whilst fluorine gas was dosed in with 
a mass flow meter (Bronkhorst EL Flow metal sealed, Netherlands) at a rate of 0.2 g.h-1 
for 2 h. The reaction was then left to continue for another 24 h at 40 °C which resulted 
in reactor pressure increasing to about 160 kPa. After the reaction was completed, the 
reactor was purged with nitrogen as to remove any residual fluorine gas. The contents 
were drained into 100 cm3 of demineralised water as to wash the graphene and 
functionalise the surface even further. The mixture was filtered and dried at 70 °C for 
72 h in an oven. The oxyfluorination of the graphene was roughly based on the methods 
described by Bierschenk et al  [38] and Han et al [37]. 
2.1.2.2 Characterisation of graphene nanoplatelets and surface modified graphene 
nanoplatelets 
Characterisation of the as-received and the oxyfluorinated graphene was performed 
using spectroscopic techniques.  
X-ray Photoelectron Spectroscopy (XPS) analysis was  performed using a Thermo 
Scientific (Waltham, MA, USA) ESCALAB 250Xi X-ray Photoelectron Spectrometer fitted 
with an Al Kα radiation source at 300 W. Wide (Pass energy = 100 eV) and narrow (Pass 
energy = 20 eV) scans were performed with a 900 µm beam diameter. The 
deconvolution of the narrow scanned peaks were performed with Origin 9.0 (Originlab 
Corporation, Northampton, MA, USA) and fitted to a Gaussian function.  
A Renishaw (United Kingdom) InVia Reflex Raman spectrometer system equipped with 
RenCam CCD detector cooled at -70 °C was used for Raman spectra acquisition.  The 
Raman excitation radiation wavelength of 488 nm from an Argon-Ion laser (Model: 
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Stellar-REN Multiline) was used.  The power setting of 1 mW at the sample was used 
throughout the study.  A LEICA DM 2700 Microscope fitted with 100X magnification 
objective lens was used on the microscope.   
Fourier Transform Infrared Spectroscopy of the graphene nanoplatelets surface was 
performed on a Perkin Elmer Spectrum 65 spectrometer. The as-received graphene and 
the oxyfluorinated graphene (2 mg) were mixed with KBr powder (100 mg). The 
graphene/KBr powder was dried for 72 h before being pressed into Ø 10 mm discs. The 
scan range was performed from 600 – 4000 cm-1 taking 128 scans per analysis. 
2.2 PTFE/graphene composite preparation 
The guidelines specified by van Rooyen et al [28] were used with regards to preparing 
the PTFE /graphene blends and how to fabricate the disc samples. 
2.2.1 Preparation of PTFE/nano-filler powders 
The as-received (XGnP) and oxyfluorinated graphene (OFGR) were incorporated into 
the PTFE at 0.25; 0.75; 1; 2; 4; and 7 vol% graphene loadings, respectively, through 
solvent assisted blending. The graphene nanoplatelets were dispersed in 200 cm3 of 
PFH for 1 h at 30 °C using an ultrasonic bath (Scientech 702, 100 W, South Africa). 
Afterwards, the graphene/PFH dispersion was combined and blended with 30 g of PTFE 
for 3 h using a magnetic stirrer and follower (MR Hei-Tec, Heidolph, Germany). The 
homogenous PTFE/graphene powder blend was filtered as to remove the PFH and dried 
for 24 h at 70 °C under vacuum to remove any residual PFH in the powder blend. The 
collected agglomerate of PTFE/graphene was de-agglomerated into finer particles in a 
blender for 10 s. 
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2.2.2 PTFE/graphene composite disc fabrication 
The composite permeation samples were prepared as disc samples with a diameter of 
50 mm and a thickness of approximately 3 mm. To produce a preform disc sample with 
these dimensions, an amount of 12 g of the prepared PTFE/graphene powder was 
weighed and transferred to a mould (EQ-DIE-50D, MTI Corporation, USA) with an inside 
diameter of 50 mm. The blended powder was compressed at a preform pressure of 
12.8 MPa using a hydraulic press (Hytec, South Africa) at 25 °C. The preform pressure 
was applied and held for 5 min and steadily released. The preform disc samples were 
dried for 3 h at 100 °C as to remove any residual moisture. The preform disc samples 
were sintered using a programmable sintering oven (Carbolite HT, United Kingdom) 
which sequentially increased the temperature to 380 °C, held the temperature (380 °C) 
for a required period, and cooled the samples slowly to room temperature. The 
temperature profile for the sintering of the disc samples is described in more detail by 
van Rooyen et al [28]. Unfilled TFM 1700 disc samples were also prepared as reference 
samples using the same fabrication methods. 
2.3 Characterisation of composite  
2.3.1 Helium permeation 
The helium gas permeation was measured using a permeation cell which was connected 
to a helium leak detector (VS Pro 2, Varian Inc, USA). The gas permeation set-up has 
been described elsewhere [16] with the exception that the clamping disc of the 
permeation cell was slightly modified to accommodate disc samples with a diameter of 
50 mm. The permeant gas used was high purity (99.999%) helium gas (Helium 5.0, 
African Oxygen Limited, South Africa) which was flowed into the top chamber of the 
permeation cell at a rate of 50 ml.min-1 whilst the bottom section was connected to the 
9 
 
helium leak detector and evacuated to a pressure of 1.2 x 10-2 Pa. The tests were 
performed in a temperature controlled laboratory at 24 °C and 3 disc sample repeats 
were done for each unmodified graphene and oxyfluorinated graphene concentration. A 
metal disc was also analysed as to verify the sealing ability of the permeation cell and to 
eliminate the concern that major permeation occurred through the Viton O-rings. The 
helium leak rate was checked and verified periodically using the internal calibrated leak 
(1.4 x 10-8 Pa.m3.s-1) which is factory fitted. 
2.3.2 Composite morphology 
The morphology of the composite discs were investigated using a SUPRATM 40VP (Carl 
Zeiss SMT AG, Jena, Germany) ultra-high resolution Field Emission Scanning Electron 
Microscope (FESEM) operating at a 5 kV acceleration voltage, a working distance of less 
than 10mm and a secondary electron detector. Cross-sectional regions were prepared 
with cryo-fracturing and the surfaces were sputter coated with gold for 80 s to improve 
the sample conductivity. 
X-ray tomography scans of the composite discs were performed on a Nikon (Metris XT 
H 225L, Japan) microfocus X-ray scanner with the power settings set at 100 kV for the 
tube voltage and 100 µA current for the tungsten target. The scan duration was for 
approximately 60 min to measure 2000 projections using a scan rate of 0.5 frames per 
second. The lowest detectable pixel resolution for the composite disc was ca 27.6 µm. 
Smaller sections (Ø 6 mm x 3 mm) were sampled from the main disc for more accurate 
scans and to improve the resolution (ca 4.5 µm). 
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3 Results and discussion 
3.1 Characterisation of graphene and oxyfluorinated graphene surface 
The XPS analysis of the reference graphene nanoplatelets and the oxyfluorinated 
graphene was performed to understand the bonding states of the functional groups on 
the filler surface. From the wide scans of the fillers it was shown that the unmodified 
graphene showed mainly carbon and oxygen elements, whereas the oxyfluorinated 
graphene showed an additional fluorine element peak (Figure 1). The elemental data is 
compiled in Table 1 and the fluorine and oxygen content increased when compared to 
unmodified graphene. Furthermore, the carbon content reduced from 95.3 at% to 
91.6 at% which indicated that functionalization did occur.  
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Figure 1: Wide scan XPS spectra of (a) unmodified (XGnP) and (b) oxyfluorinated (OFGR) graphene 
 
a 
b 
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Table 1: XPS elemental analysis of the as received graphene (XGnP M25) and oxyfluorinated (OFGR)   
Sample  Element Atomic % Binding energy (eV) Probable bonds 
XGnP 
C 95.3 283.9 C-C 
O 4.1 532.0 O-(C,H) 
S 0.4 - - 
Si 0.2 - - 
OFGR 
C 91.6 284.6 C-C 
O 4.7 532.8 O-(C,H) 
F 3.7 687.3 F-C 
 
Narrow scans of the C1, O1 and F1 were also performed and deconvolution of the peaks 
was done using Gaussian function fits (Figure 2 & Figure 3). It must be noted that due 
to the complicated nature of CF bonds, the assigning of the binding energy and 
deconvolution analysis were done as closely as possible to literature values that are 
relevant to oxyfluorinated or fluorinated graphene and carbon nanotubes [39–47] . The 
unmodified graphene produced a definitive sp2 carbon (C-C) peak at 283.9 eV and after 
deconvolution two minor additional peaks were also shown at 284.8 eV and 285.6 eV 
which may be assigned to sp3 C attached to oxygen groups (C-C-O) and C-OH groups 
(Figure 2) [39].  The O1 scan of the unmodified graphene showed a predominant a peak 
of carbonyl groups (C=O), with some alcohol (C-OH) and carboxylic acid (O=C-OH) 
groups (Figure 2). 
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Figure 2: Narrow XPS scans of unmodified graphene C1 and O1 
 
The deconvolution of the oxyfluorinated graphene produced additional peaks when 
compared to the unmodified graphene at 285.5, 286.5, 287.6, and 288.6 eV which may 
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be assigned to sp3 carbon bonds with fluorine attached to it (C-C-F), C=O, semi-ionic CF, 
and covalently bonded CF in low concentrations (Figure 3). The C1 peak profile of the 
oxyfluorinated graphene did not show a distinct shoulder of peaks as what would be 
expected with graphene oxide or fluorographene with higher concentrations of oxygen 
and fluorine groups on the surface. Due to the low concentration of fluorine and oxygen 
on the surface the main carbon peak resembled more a pristine carbon peak of 
graphene and carbon nanotubes that are partially fluorinated [40,42,43,46]. This was 
mainly due to the low C/F ratio [48]. The F1 scans confirmed the formation of semi-
ionic and covalent CF bonds at 687.1 and 688.7 eV on the surface of the graphene after 
oxy-fluorination (Figure 3). This also confirms that the sp3 carbons are the main 
regions being affected by the fluorination. The O1 scans showed that the oxyfluorinated 
graphene had an additional peak at 534.9 eV that might be attributed to the formation 
of complex oxyfluoride (OCF) groups (Figure 3) [39]. The washing step with 
demineralised water appeared to remove a lot of the fluorine groups from the surface as 
the formation of the peak at 286.5 eV indicated the formation of C=O bonds. A possible 
mechanism may be the formation of acid fluoride groups on the surface during the 
reaction step and after being washed with demineralised water forming carboxylic acid 
groups. 
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Figure 3: Narrow XPS scans of oxyfluorinated graphene C1; O1; and F1 
 
The FT-IR analysis showed clear peaks at 3400, 2926, 2852, 1736, 1654, 1610, 1455, 
1384, and 1125 cm-1 which were inherent of both the unmodified and oxyfluorinated 
graphene (Figure 4). The formation of a peak at around 1239 cm-1 may be attributed to 
CF bonds which was absent in the spectra of the unmodified graphene [37,47,49,50].  
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Figure 4: Infrared spectra of the unmodified (XGnP) graphene and the oxyfluorinated graphene 
nanoplatelets 
 
The Raman spectra of the unmodified graphene produced the typical peaks at around 
1366, 1582, and 2741 cm-1 (Figure 5). These peaks are known as the D, G, and 2D 
bands. The D and the G bands of the oxyfluorinated graphene shifted to lower energy 
wavenumbers (D=1354 cm-1 and G=1574 cm-1) which has been observed by other 
researchers as fluorine content on and in-between the graphene layers increase [51,52]. 
An indication of disorder in graphene platelets is usually described by the intensity ratio 
between the D and G bands (ID/IG) [45]. The ID/IG ratio of the graphene after 
oxyfluorination slightly reduced from 0.26 to 0.18 when compared to the ID/IG ratio of 
the unmodified graphene. This indicated that the sp2 C-C structure of the graphene was 
altered after oxyfluorination. This may also indicate the separation of the outside layers 
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of the graphene which exposed more pristine layers of graphene present in-between the 
other layers [53]. 
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Figure 5: Raman spectra of the unmodified (XGnP) graphene and the oxyfluorinated graphene 
nanoplatelets 
3.2 Helium permeability 
3.2.1 Helium permeation measurements as to determine the diffusion coefficient 
and steady state gas flux 
Helium leak detectors are being used more frequently as a quick method to measure the 
gas permeability of polymers or composite materials [12]. The helium leak rate (J*) was 
measured in Pa.m3.s-1 and logged using the Varian Leak Test Data Wizard software 
(USA). The helium gas flux (J, mol.m-2.s-1) was calculated from; 
𝐽 =  
𝐽∗
𝐴𝑅𝑇
 (1) 
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where, A is the surface area (0.0013 m2), R the gas constant (8.315 J.K-1.mol-1) and T the 
temperature (297 K). 
From the helium gas permeation experiments (Supplementary section; Figure S1) it 
was evident that the incorporation of graphene and the oxyfluorinated graphene 
nanoplatelets reduced the permeation with increasing concentration of the respective 
graphene filler material (Figure 6). The unmodified graphene initially did not show a 
significant reduction but only as the concentration increased. The functionalization of 
the graphene nanoplatelets significantly reduced the helium gas permeation at lower 
concentrations when compared to the unmodified graphene. The higher concentrations 
at 4 and 7 vol% were the most effective at reducing the helium permeation.  
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Figure 6: Helium gas permeation flux measurements of the unmodified (XGnP) and the oxyfluorinated 
(OFGR) graphene filled PTFE composite discs 
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The helium gas diffusion (D) coefficients and steady state flux (J0) of the PTFE 
nanocomposites were determined from the following one-dimensional variation of 
Fick’s law of diffusion with appropriate boundary conditions [8,9,54]: 
𝐽 =  𝐽0  √
4𝑑2
𝜋𝐷𝑡
∑ 𝑒𝑥𝑝 
∞
𝑥=0
 [− 
𝑑2
4𝐷𝑡
(2𝑥 + 1)2] (2) 
where J is the calculated helium gas flux and J0 is the steady-state helium gas flux 
(mol.m-2.s-1), d is the sample disc thickness (m), t the time (s), and D is the diffusion 
coefficient (m2.s-1). 
A simplified form of Equation 2 can be applied in the earlier stages of gas diffusion, as an 
approximation: 
𝐽 ≅ 𝐽0√
4𝑑
𝜋𝐷𝑡
2
 𝑒𝑥𝑝  (−
𝑑2
4𝐷𝑡
) 
(3) 
 
The diffusion coefficient (D) and the steady-state helium flux (J0) were determined by 
plotting the linear form (Equation 4); ln(J√t) against 1/t and the results were fitted to a 
linear trend line [16].  
𝑙𝑛(𝐽√𝑡)  ≅  −(
𝑑2
4𝐷
)
1
𝑡
  +   𝑙𝑛 𝐽0 √
4𝑑
𝜋 𝐷
 (4) 
The linear fit of Eq 4 showed minor statistical deviation with the gas flux permeation 
data which allowed for accurate approximation of the diffusion co-efficient (D) and 
steady-state flux (J0) (Table 2). The steady state flux for the oxyfluorinated graphene 
showed the best reduction when compared to the unmodified graphene. However, the 
diffusion coefficient values of the oxyfluorinated and the unmodified graphene 
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exhibited a similar trend of reduction when compared. Nonetheless, the diffusion 
coefficient was still reduced with increasing concentration of either filler. The diffusion 
coefficient of the unmodified graphene exhibited the highest reduction of 75% at 7 vol% 
relative to the reference PTFE samples (9.27 x 10-10.m2.s-1 to 2.29 x 10-10.m2.s-1) which 
might be questionable due to the large standard deviation. However, this result may be 
seen as an outlier. The reduction of the diffusion coefficient and the steady state flux 
was mainly influenced by the fillers forming a complex structure which limited the 
migration of the helium gas molecules through the polymer matrix. Furthermore, the 
fabrication method showed to be effective in reducing the helium permeation. 
 
Table 2: Calculated steady state flux (J0) and diffusion coefficient (D) values from the permeation flux 
data according to the one-dimensional Fickian equation 
Loading 
(wt%) 
 Filler  
Steady-
state 
helium flux, 
J0 x10-7 
(mol.m-2.s-1) 
 
Standard 
deviation 
 
Diffusion 
coefficient, 
D x 10-10 
(m2.s-1) 
 
Standard 
deviation 
 
Linear 
fit 
(R2) 
0  None  7.15  0.1  9.27  0.1  0.996 
0.25  Graphene  4.75  0.12  7.77  0.26  0.993 
0.75  Graphene  4.72  0.15  7.21  0.1  0.994 
1  Graphene  4.33  0.23  6.37  0.2  0.986 
2  Graphene  2.44  0.15  7.88  0.1  0.992 
4  Graphene  1.77  0.21  4.48  0.28  0.980 
7  Graphene  0.96  0.4  2.29  2  0.93 
0.25  Oxyfluorinated 
graphene 
 2.33  0.11  7.41  0.13  0.994 
0.75  Oxyfluorinated 
graphene 
 2.28  0.1  7.45  0.1  0.996 
1  Oxyfluorinated 
graphene 
 1.90  0.14  7.16  0.12  0.993 
2  Oxyfluorinated 
graphene 
 1.62  0.1  5.60  0.1  0.997 
4  Oxyfluorinated 
graphene 
 0.26  0.02  4.35  0.17  0.977 
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7  Oxyfluorinated 
graphene 
 0.44  0.05  4.08  0.14  0.991 
 
Scanning Electron Microscope images of the oxyfluorinated and unmodified graphene 
filled PTFE composites confirmed the intricate morphology that was formed 
(Figure S2). The oxyfluorinated and unmodified graphene showed to be well dispersed 
with random orientation throughout the polymer matrices (Figure S2). Furthermore, 
the nanoplatelets showed good adhesion to the polymer surface which explained the 
improvement in the barrier properties (Figure S3). The use of micro-focus x-ray 
tomography enabled the scanning of the entire sample to further explain the 
morphology of the oxyfluorinated and unmodified graphene/PTFE composite discs. The 
oxyfluorinated and unmodified graphene/PTFE composite discs were 
three-dimensionally reconstructed using the VGStudio Max 2.2 (Volume Graphics 
GmbH, Germany) computer software package (Figure S4). By attenuating only the 
denser graphene particles, it was revealed that the oxyfluorinated and unmodified 
graphene were uniformly dispersed throughout the composite discs with random 
orientation of the nanoplatelets (Figure S4). This confirmed the structures observed 
with the SEM images. Moreover, some kind of percolation threshold can be observed at 
7 vol% of the graphene nanoplatelets. The use of PFH solvent demonstrated to be the 
best method to disperse the oxyfluorinated graphene with the PTFE powder which in 
turn created a tortuous maze structure [28].   
3.2.2 Helium permeability coefficient and tortuous path modelling 
By normalizing the steady-state helium gas flux (J0, mol.m-2.s-1) with the permeation 
sample thickness (d,m), the helium permeability coefficient (P, mol.m-1.s-1.Pa-1) was 
determined from the following equation: 
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𝑃 =
𝐽0 𝑑
∆𝑝
 
(5) 
where ∆p is the differential gas pressure (Pa) and the atmospheric test pressure was 
measured to be 86 kPa. 
The helium permeability coefficient (P) was reduced significantly with the 
oxyfluorinated graphene displaying the best results (Figure 7). This may be attributed 
to the better interaction of the oxyfluorinated graphene with the polymer matrix. In 
comparing the unmodified and oxyfluorinated graphene fillers, the largest reduction 
achieved by the oxyfluorinated graphene was 96% at a filler concentration of 4 vol% 
whereas the largest reduction of the permeability for the unmodified graphene was 
88% at a higher loading of 7 vol%. Both fillers created a tortuous structure which 
limited the mobility of the gas molecules through the matrix. 
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Figure 7: Helium gas permeability coefficients of the unmodified and oxyfluorinated graphene filled PTFE 
composites  
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Based on the tortuous path theory, the influence that this tortuous structure has on the 
permeability can generally be described with the following equation;  
𝑅𝑝 =
𝑃𝑐
𝑃0
=
1 − 𝜙
𝜏
 
(6) 
where Pc is the permeability coefficient of the composite polymer, P0 is the permeability 
coefficient of the pure polymer, ϕ is the nanoplatelet volume fraction, and τ is the 
tortuosity factor. 
Various tortuosity models have been developed to describe how nanofillers influence 
the gas permeability of polymer composites. However, the filler geometry needs to be 
considered when applying these models to describe the reduction in permeability. The 
models considered in this study were for platelet or disc shaped fillers (Table 3). From 
the fitting of the models it showed that the aspect ratio for the oxyfluorinated graphene 
was significantly larger when compared to the unmodified graphene (Table 4). The 
surface modification allowed for better dispersion of the filler in the polymer matrix. 
The largest aspect ratio was predicted by the Bharadwaj model with an S”-value of 0 (cf. 
Table 3) which describes a random orientation of the graphene filler samples. The 
aspect ratio of ca 650 for the unmodified graphene is similar to what has been observed 
and confirmed in other studies [15]. The Bharadwaj model in general is better suited to 
describe the morphology of graphene filled composites due to the orientation of the 
particles which are not considered by the other models. The fibre orientation analysis 
module in VGstudio max 2.2 was used to analyse the oxyfluorinated platelet orientation 
in a planar direction which was positioned perpendicularly to the permeation direction 
in the oxyfluorinated and unmodified graphene composite matrices. The histograms 
generated from the orientation analysis indicated that orientation of the graphene 
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nanoplatelets varied between 30° and 56° (Figure S5). This confirmed the S”-value (cf. 
Table 3) of 0 which corresponded to a random distribution of the graphene platelets.  
 
 
 
 
 
 
 
Table 3: Tortuosity models  
Model Filler geometry Filler dispersion 
Aspect 
ratio 
Tortuosity factor (τ) 
Nielsen [55] Ribbon Regular array w/t 1 +
𝛼𝜙
2
 
Lape/Cussler-
regular array[26] 
Ribbon Regular array w/t 1 +
𝛼2𝜙2
4
 
Lape/Cussler-
random array[26] 
Ribbon Random array w/t (1 +
𝛼𝜙
3
)
2
 
*Bharadwaj[56]  Ribbon 
Random array and 
orientation 
w/t 1 + [
𝛼𝜙(2𝑆" + 1)
6
] 
**Fredrickson-
Bicerano[57]  
Disc Random array d/t 
4[(1 + 𝑥 + 0.1245𝑥2)/(2
+ 𝑥)]2 
Gusev-Lusti[58]  Disc Random array  d/t 𝑒𝑥𝑝 [(
𝛼𝜙/
3.47
)
0.71
] 
*Factor S” is incorporated with θ being the angle between the obstructing filler and penetrant flow.  
𝑆" =
3𝑐𝑜𝑠2𝜃 − 1
2
 
 
**Factor 𝑥 is incorporated. 𝑥 = 𝜋𝛼𝜙/[2 ln (
𝛼
2
)] 
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Table 4: Predicted aspect ratios from tortuosity models 
Model Unmodified graphene Oxyfluorinated graphene 
 Predicted aspect ratio R2 Predicted aspect ratio R2 
Nielsen  220 0.934 456 0.954 
Lape/Cussler-regular array 190 0.707 380 0.967 
Lape/Cussler-random array 125 0.928 255 0.963 
Bharadwaj (S”=0) 650 0.935 1467 0.951 
Fredrickson-Bicerano  350 0.930 872 0.956 
Gusev-Lusti  195 0.941 425 0.951 
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From the SEM and X-ray tomography images the average diameter of the oxyfluorinated 
graphene was approximately 20 µm which is close to the average platelet diameter 
stated on the specification sheet of XG Sciences. To confirm this observation, the 2-
dimensional images from the X-ray tomography were analysed with ImageJ (RSB, 
National Institute of Mental Health, USA). The particle size distribution showed to range 
between 15 and 21 µm from 408 particle counts with the average diameter being at 
18 µm (Figure S6). The thickness calculated from the effective aspect ratio (Table 4) 
varied from 10.22 – 13.65 nm for the oxyfluorinated graphene and 23.08-30.77 nm for 
the unmodified graphene. The thickness of the oxyfluorinated graphene platelets 
correspond with other data that has been observed previously [15]. This confirmed the 
possible separation of the outer graphene layers after the washing step which would 
increase the effective aspect ratio of graphene platelets as observed with the Raman 
analysis (Figure 5). The surface modification showed to improve the dispersion of the 
graphene platelets whereas the unmodified graphene still showed some intercalated 
regions in the PTFE matrix. This stacking of the of the graphene nanoplatelet layers to 
form an intercalated network may be described by incorporating a stacking parameter 
⟨𝑁⟩ into the Bharadwaj model as follow; 
𝜏 = 1 + [
𝛼𝜙(2𝑆" + 1)
6
.
1
⟨𝑁⟩
] (7) 
where, τ is the tortuosity factor; α is the aspect ratio; ϕ is the nanoplatelet volume 
fraction; and S” is the orientation correction factor. 
The actual thickness of the unmodified graphene nanoplatelets has been observed with 
Transmission Electron Microscopy (TEM) by other researchers to be less than 10 nm 
which is similar to what is claimed by the manufacturers (XG sciences) to be between 
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6-8 nm [59]. Using this actual measured thickness gives a larger aspect ratio of ca 3000 
when using the measured average diameter of 18 µm (Figure S6 b). Using the ⟨𝑁⟩ 
parameter showed that the platelet stacking is less for the oxyfluorinated graphene at 2 
than the unmodified graphene nanoplatelets at 5 (Figure 8). This clearly indicated the 
separation of the graphene platelets after oxyfluorination. It has been observed with 
unmodified graphene that smaller platelets tend to adhere to the larger platelets which 
increase the formation of stacking in a composite matrix [59]. The amount of layers 
corresponded to the thickness determined from the effective aspect ratio described by 
the unaltered Bharadwaj model. The modified Bharadwaj model showed to be a more 
accurate equation to describe the morphology of the PTFE/graphene composites with 
regards to how stacking of the graphene platelets influence the aspect ratio. This 
alteration of the Bharadwaj model has also been recommended by other researchers to 
better describe platelet shaped filled polymer composites [60].  
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Figure 8: Modified Bharadwaj model showing the degree of stacking of the graphene nanoplatelets for 
the oxyfluorinated graphene and the unmodified graphene PTFE composites 
4 Conclusion 
With this study, surface modified and unmodified graphene were incorporated into 
PTFE and the helium gas barrier properties were measured. The surface modification 
by oxyfluorination was successfully performed in a perfluoroheptane solvent, and it was 
confirmed through characterisation techniques like XPS, FTIR, and Raman spectroscopy. 
The incorporation of these fillers reduced the helium gas permeability by an order of 
magnitude with the oxyfluorinated graphene showing the significant improvement. The 
oxyfluorinated exhibited a 96% reduction at a loading of 4 vol% oxyfluorinated 
graphene and 88% at a loading of 7 vol% of unmodified graphene. The “barrier” 
percolation threshold showed to be at loadings at about 7 vol% for both fillers where 
they were involved in highly interconnected networks. Investigation of the composite 
morphology with microscopic and tomographic techniques revealed that the 
oxyfluorinated graphene was randomly dispersed and orientated in the composite 
matrix. Modelling of the relative permeability with tortuosity models indicated that the 
aspect ratio of the graphene nanoplatelets increased after oxyfluorination of the platelet 
surface.  This indicated that the washing step probably degrade the outer layers of the 
functionalised graphene and exposed the inner layers of the graphene platelets as was 
indicated by the decrease in the ID/IG ratio observed with the Raman analysis. The 
Bharadwaj model (S”=0) showed the best correlation with the permeability results due 
to the confirmed orientation of the oxyfluorinated graphene platelets in the PTFE 
matrix. Altering of the Bharadwaj model by incorporating a stacking parameter further 
showed to be a better description of the PTFE/graphene composites. Possible further 
improvement of the orientation of the oxyfluorinated graphene platelets in the polymer 
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matrix may also reduce the gas permeability even further with the improved aspect 
ratio of the oxyfluorinated graphene.  
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